The structural, stability, thermodynamic, mechanical, and electronic properties of Y and Sb doped into Mg 2 Si were studied by first principles. The results show that the stable structures are Mg 7 Si 4 Y, Mg 8 Si 4 Sb, Mg 6 Si 4 YSb, and Mg 7 Si 4 YSb. Mg 8 Si 4 Sb has the largest ductility among them. Y doping causes strong orbital hybridization between Mg (2p) and Y (4d), while Sb doping causes strong orbital hybridization between Mg (2p), Si (3p), and Sb (5p). However, the thermal conductivity and hardness of Mg 2 Si will be reduced by Y and Sb doping. The conductivity of Mg 8 Si 4 Sb is the best. The anisotropy of the {100}, {010}, and {001} surfaces will increase once doped with Y or Sb. Mg 8 Si 4 Sb has the highest degree of anisotropy.
Introduction
The 6xxx series aluminum alloy is widely used in automobile manufacturing because of its excellent qualities, such as reduced weight and good corrosion resistance [1, 2] . Mg 2 Si is the main strengthening phase [3] of the 6xxx series Al alloy, and it possesses a low density and high melting point and impedes grain boundary sliding [4] [5] [6] [7] [8] [9] . However, the application of the 6xxx series Al alloy is limited due to its brittleness. This is due to the Mg 2 Si phase which is the preferred phase to form coarse Chinese script or dendritic morphology [10] [11] [12] . To improve the mechanical properties of Mg 2 Si, many alloying elements (such as Bi, As, and Sn [13] [14] [15] [16] [17] [18] [19] [20] ) are doped. Recently, Y and Sb doping into the Mg 2 Si phase was considered. Zhang and Zhang [21] found that the fine modification effect of Y on the primary Mg 2 Si phase is better than that of an equal amount of mixed light rare earth, and it can greatly refine the Mg 2 Si grains and improve the tensile strength and elongation. Emamy et al. [22] found that the addition of Y increases both the hardness and ultimate tensile strength values of the Al-15%Mg 2 Si cast composite. Jiang et al. [23] systematically investigated the modification of in situ-formed Mg 2 Si in Mg-Si alloys with yttrium (Y). Ioannou et al. [24] have prepared Sb-doped Mg 2 Si compounds through ball milling and a solid-state reaction. Hu et al. [25] found that Sb doping can change the type of Chinese script of Mg 2 Si to a fine polygonal shape and decrease the grain sizes. Tani and Kido [26] studied the formation energy and atomic structure of impurities in Mg 2 Sn using first-principles plane-wave total energy calculations. The thermoelectric properties of trace Y-doped Mg 2 In this work, the structural, thermodynamic, and mechanical properties of Y and Sb doped into Mg 2 Si were studied by first principles. It will provide a theoretical reference for further research on Mg 2 Si and 6xxx series aluminum alloys.
1.1. Computational Models and Methods. Mg 2 Si has an antifluorite (CaF 2 ) structure [28] (see Figure 1) . The atomic coordinates are as follows: Mg (0.25, 0.25, 0.25) and Si (0, 0, 0).
For Y and Sb single doping, the positions of the Mg (or Si) atoms are replaced by Y or Sb, respectively. Despite that both the atom sizes of Y and Sb are larger than those of Mg and Si atoms, to avoid omitting certain configurations, the interpolation Y or Sb atoms into the interval of Mg and Si was considered (see Figure 2) .
For the composite doping of Y and Sb, the Mg and (or) Si atoms are replaced by Y and Sb, respectively. Y or Sb enters into the interstitial space of the Mg 2 Si cell, and Sb or Y replaces the Mg and (or) Si atoms (see Figure 3) .
The hypothetical structures of Y-and Sb doping or codoping Mg 2 Si configurations must be optimized. The calculations were performed using the CASTEP package based on the density functional theory (DFT) [29] . The exchange-correlation energy functional was adopted by Perdew, Burke, and Ernzerhof (PBE) from the generalized gradient approximation (GGA) [30] . The plane-wave cutoff energy was set to 340 eV. The Brillouin zone was sampled using a Monkhorst-Pack k-point mesh as follows: 4 × 3 × 4 for (j) Mg 8 [34] and −17.7 kJ/mol and −299.27 kJ/mol in [35] ). The process of Y and Sb doping of Mg 2 Si is outlined in Table 2 . For the stable structures (a), (c), (f), (g), (i), (m), and (n), the calculated cohesive energies are shown in Figure 5 . It can be seen that the absolute value of (g) Mg 6 Si 4 YSb is the largest, indicating that (g) Mg 6 Si 4 YSb is more stable than the other six structures and (m) Mg 8 Si 4 YSb has the smallest absolute value and the worst stability. Whether by single doping or composite doping, the structures of Y-or Sb-substituted Mg sites are most stable, while the structures of Y or Sb that entered into the interstitial space are most unstable.
Mechanical Properties.
To satisfy the mechanical stability of the formed structures, the elastic constants of Mg 2 Si, (a), (c), (f), (g), (i), (m), and (n) are calculated as shown in Table 3 . Journal of Nanomaterials
The structures of single doping.
The structures of composite doping. The shear anisotropic factors A 1 , A 2 , and A 3 are shown in Figure 7 . It can be found that the five structures are all anisotropic on the three planes, and the degree of anisotropy on each plane is very similar. (f) Mg 8 Si 4 Sb has the highest degree of anisotropy, while Mg 2 Si has the lowest degree of anisotropy.
Electronic Properties.
To understand the action mechanism, the total density of states (DOS) and the partial density of states (PDOS) should be studied. Figure 8 
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